The sucrose synthase (SUS) interactome of developing castor oilseeds (COS; Ricinus communis) was assessed using coimmunoprecipitation (co-IP) with anti-(COS RcSUS1)-IgG followed by proteomic analysis. A 41-kDa polypeptide (p41) that coimmunoprecipitated with RcSUS1 from COS extracts was identified as reversibly glycosylated polypeptide-1 (RcRGP1) by LC-MS/MS and anti-RcRGP1 immunoblotting. Reciprocal Far-western immunodot blotting corroborated the specific interaction between RcSUS1 and RcRGP1. Co-IP using anti-(COS RcSUS1)-IgG and clarified extracts from other developing seeds as well as cluster (proteoid) roots of white lupin and Harsh Hakea consistently recovered 90 kDa SUS polypeptides along with p41/RGP as a SUS interactor. The results suggest that SUS interacts with RGP in diverse sink tissues to channel UDP-glucose derived from imported sucrose into hemicellulose and/or glycoprotein/glycolipid biosynthesis.
oilseed crops such as soybean (Glycine max) and canola (Brassica napus) [8] . Upon COS germination, fatty acids cleaved from insoluble triacylglycerides are converted into soluble sucrose through a combination of b-oxidation, the glyoxylate cycle, and gluconeogenesis to fuel early seedling growth. The large amount of oil synthesized by developing COS is dependent upon a massive influx of carbon and energy from photosynthetic leaves in the form of sucrose; as a result, the in vivo sucrose concentration in the vascular tissue (i.e., phloem) of illuminated castor plants has been estimated to be nearly 500 mM [9] .
The aim of the present study was to assess the RcSUS1 interactome of developing COS via coimmunoprecipitation (co-IP) using anti-RcSUS1-IgG, followed by proteomic analysis. Interactome studies via co-IP coupled with proteomic analysis can provide a robust in vitro assessment of protein-protein interactions prevailing in vivo. Our results indicate that a specific interaction between RcSUS1 and reversibly glycosylated polypeptide (RGP) may exist in developing COS, as well as in a range of phylogenetically diverse heterotrophic sink tissues from other plant species. As RGP is a UDPG-dependent enzyme, we hypothesize that SUS and RGP form a metabolon in vivo to channel the glucosyl moiety of sucrosederived UDPG into various downstream pathways.
Materials and methods

Plant material and preparation of clarified extracts
Castor (R. communis; cv Baker 296), white lupin (Lupinus albus), and Harsh Hakea (Hakea prostrata) plants were cultivated in a greenhouse as previously described [6, 7, 10, 11] . Developing sweet corn (Zea mays) cobs and sunflower (Helianthus annuus) heads were collected in midAugust from intact plants cultivated outdoors at Forman Farms near Seeley's Bay, Ontario, Canada. Developing cones from a mature eastern white pine (Pinus strobus) tree growing in City Park (Kingston, Ontario, Canada) were collected in late April. Endosperm from stage V (mid-cotyledon) developing COS [12] , endosperm, and embryos from developing maize seeds, whole seeds from developing pine cones and sunflower heads, and mature white lupin and Harsh Hakea cluster (proteoid) roots were rapidly dissected, frozen in liquid N 2 , and stored at À80°C.
Preparation of antibodies against RcRGP1 and immunoblotting
Rabbit antiserum against RcRGP1 (anti-RcRGP1) was produced using a synthetic peptide (LifeTein, Somerset, NJ, USA) designed to match amino acids 2-20, with an additional Cys residue introduced at the N terminus. Purified peptide was coupled to maleimide-activated keyhole limpet hemocyanin, dialyzed against PBS (pH 7.4), filter sterilized, and emulsified with Titermax Gold (CytRx). Following collection of preimmune serum (pre-IS), desalted conjugate (500 lg) was injected subcutaneously into a rabbit, with booster injections (250 lg each) administered at 28 and 42 days. One week after the final injection, blood was collected in Vacutainer tubes (BD Biosciences, Mississauga, ON, Canada) by cardiac puncture. Clotted cells were removed by centrifugation at 1000 g, and the immune serum frozen in liquid N 2 and stored at À80°C. Production of rabbit anti-RcSUS1-immune serum (anti-RcSUS1), SDS/ PAGE, immunoblotting, and chromogenic detection of immunoreactive polypeptides were carried out as previously described [6, 7] . Unless otherwise indicated, immunoblots were probed with 50 000-and 1000-fold dilutions of antiRcSUS1 and anti-RcRGP1, respectively. Enhanced chemiluminescence (ECL) detection of immunoreactive polypeptides was performed by incubating immunoblots with a peroxidase-conjugated goat anti-(rabbit IgG)-IgG secondary antibody (Sigma-Aldrich, Oakville, ON, Canada) followed by a Western Lightning ECL reagent (Perkin-Elmer Inc., Woodbridge, ON, Canada). Images were captured by Chemidoc MP Imaging System (Bio-Rad Laboratories, Saint-Laurent, Quebec, Canada) using 2-3-min exposures. All immunoblot results were replicated a minimum of three times with representative results shown in the various figures.
Co-IP
All co-IP experiments were performed using IgG purified from anti-RcSUS1 via Protein A agarose chromatography as previously described [6] . Harvested tissues (1 g) were ground to a powder under liquid N 2 and homogenized (1 : 2; w/v) using a Brinkmann PT-3100 Polytron (Mississauga, Canada) in ice-cold extraction buffer which contained 100 mM Hepes-KOH (pH 7.0), 50 mM sucrose, 1 mM EDTA, 1 mM EGTA, 5 mM MgCl 2 , 10% (v/v) glycerol, 5% (w/v) polyethylene glycol-8000, 0.1% (v/v) Triton X-100, 25 mM NaF, 5 mM NaPP i , 1 mM Na 2 MoO 4 , 1 mM Na 3 VO 4 , 50 nM microcystin-LR, 10 lLÁmL
À1
Prote-CEASE-100 (G-Biosciences, St. Louis, MO, USA), 10 mM thiourea, 1 mM phenylmethylsulfonyl fluoride, 1% (w/v) insoluble polyvinyl(polypyrrolidone), and 1% (w/v) soluble polyvinylpyrrolidone. Homogenates were clarified by centrifugation at 4°C and 15 000 g for 10 min. Aliquots (50 lL each) of the clarified extracts (CEs) were combined with an equal volume of anti-RcSUS1-IgG (4.0 mgÁmL À1 ) and 50 lL of the aforementioned extraction buffer and incubated overnight at 4°C with mixing, and then centrifuged at 14 000 g for 10 min. Pellets were resuspended with 100 lL of PBS and recentrifuged; this was repeated until no protein was detectable in the supernatant (generally three washes). Final co-IP pellets were boiled for 3 min in 50 lL of SDS/PAGE sample buffer, prior to analysis via SDS/PAGE and immunoblotting.
LC-MS/MS
Coomassie Blue G-250 stained 41-kDa polypeptides present in solubilized co-IP pellets were excised from SDS gels, in-gel reduced with 10 mM DTT, alkylated with 55 mM iodoacetamide, and digested with sequencing-grade trypsin (Promega, Madison, WI, USA). Digested peptides were extracted using acetonitrile/0.1% trifluoroacetic acid (v/v, 60 : 40), dried, and reconstituted in 0.2% (v/v) formic acid (FA) for analysis on a Nano-Acquity Ultraperformance LC system (Waters Canada, Mississauga, ON, Canada) coupled with an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fischer Scientific, Burlington, ON, Canada) as previously described [13] . LC-MS/MS data were interrogated using the National Center for Biotechnology Information (NCBInr) database for viridiplantae using Mascot Server (version 2.5.1, Matrix Science, Boston, MA, USA). Peptide assignments were filtered by an ion score cutoff at 20, and the identified peptides were verified manually by accurate masses of the precursor ions and the fragmentation pattern of MS/MS spectra.
RcRGP1 cloning and heterologous expression
A full-length RcRGP1 clone was isolated from stage V developing COS endosperm cDNA via PCR (F-primer: TAGGT GAGCTCATATGGCTGATTTTGCAG, R-primer: TAT TAGCGGCCGCATTACAATCATTTCCAGAACTAATC AAT) and inserted into pET44a using SacI and NotI to yield pET44a-His-Nus-His-RcRGP1 (Nus-RcRGP1). The construct was transformed into BL21(DE3) Escherichia coli (NEB), and cultured at 30°C for 30 h in 4 L of ZYM-5052 autoinduction medium [14] containing 100 lgÁmL À1 kanamycin. Escherichia coli cells (~13 gFW) were harvested by centrifugation and resuspended (1 : 5; w/v) in extraction buffer comprising 50 mM NaH 2 PO 4 (pH 8.0) and 300 mM NaCl. The cells were lysed by two passes through a French Pressure cell at 20 000 psi. After centrifugation at 27 000 g for 15 min, Nus-RcRGP1 was purified from the supernatant fluid using PrepEaseÒ His-tagged High Yield Ni 2+ -affinity chromatography resin (Affymetrix) followed by Superdex 200 HR 10/60 gel filtration FPLC (GE Healthcare Life Sciences, Mississauga, ON, Canada). Fractions (1 mL) containing the~100-kDa Nus-RcRGP1 polypeptide (as judged by SDS/PAGE analysis of peak A 280 absorbing fractions) were pooled and concentrated. To cleave the Nus tag, purified Nus-RcRGP1 was diafiltrated using an Amicon Ultra-15 Centrifugal Filter Unit (30-kDa cutoff) into enterokinase reaction buffer (20 mM Tris-HCl, pH 8.0, 50 mM NaCl, and 2 mM CaCl 2 ). Light chain enterokinase (NEB) was then added at the optimized mass to mass ratio of 1 : 125 000, and the mixture was incubated at 25°C for up to 24 h as per the manufacturer's protocol.
Far-western immunodot blotting
Reciprocal Far-western dot immunodot blotting was performed with purified native RcSUS1 [6] and untagged, recombinant RcRGP1. Increasing amounts of bait protein were dot-blotted onto nitrocellulose membranes and membranes were blocked with 3% (w/v) skim milk powder in TBST for 1 h. Dot blots were incubated with 50 nM of prey protein overnight at 4°C, washed three times with TBST, and incubated with anti-prey antibody followed by chromogenic detection of immunoreactive polypeptides. Heterologously expressed phosphoenolpyruvate carboxylase isozyme-3 from Arabidopsis thaliana (AtPPC3) [15] was used as a negative control.
Bioinformatics
Reversibly glycosylated polypeptide nucleotide sequences were obtained via Blast searches from the NCBI nucleotide and TSA databases, from various organism-specific sequence databases, and from Trinity assemblies of fern/ basal angiosperm RNAseq data (constructed from SRA datasets with Trinity 2.4.0). Redundant and truncated sequences (except for RcRGP4) were then eliminated, and sequences were aligned using the E-INS-I setting with the 
Results and Discussion
RcRGP1 interacts with RcSUS1 from developing COS
This study was predicated on the assumption that COS polypeptides other than RcSUS1 that co-IP with RcSUS1 represent RcSUS1-binding proteins. Co-IP using anti-RcSUS1-IgG consistently recovered a 41-kDa protein-staining polypeptide (p41) from clarified COS extracts along with abundant 93-kDa RcSUS1 polypeptides (Fig. 1A,B) . The p41 was identified as UDPGdependent RGP (also known as UDP-forming alpha-1,4-glucan-protein synthase; GI: 255547137) via LC-MS/MS analysis (99.7% sequence coverage; Appendix S1), and was designated as RcRGP1. It is important to note that p41/RcRGP1 did not cross-react with anti-RcSUS1-IgG (Fig. 1B) , indicating that RcRGP1 was bound to RcSUS1 rather than to the IgG used for co-IP. Manual inspection of LC-MS/MS data indicated that the co-IP'd RcRGP1 was phosphorylated at Tyr40, Ser168, and Thr338 (Fig. S1 ). Sequence alignment revealed that these phosphorylation sites, as well as their flanking residues, are highly conserved in orthologous vascular plant RGPs (Fig. S2) . Follow-up co-IP studies using k phosphatasepreincubated COS extracts demonstrated that the apparent interaction between RcSUS1 and RcRGP1 was not dependent on the phosphorylation status of either protein (results not shown). Assessing the impact of multisite in vivo phosphorylation on RcRGP1 function during COS development will be an interesting avenue for future research, as will the identification and characterization of the protein kinases that mediate in vivo RcRGP1 phosphorylation.
Reversibly glycosylated polypeptides belong to a small family of UDPG-dependent self-glycosylating proteins that exist either as monomers or as oligomers connected by disulfide bonds [16] . They function as both a scaffold and catalyst for the initiation and assembly of glucosyl chains, which are then transferred to downstream acceptors, acceptors that are incapable of de novo glycosyl chain initiation [16] [17] [18] [19] [20] [21] . Under the current model, RGP oligomerizes upon glycosylation and translocates to the Golgi membrane to initiate xyloglucan (i.e., hemicellulose), glycoprotein, and/or glycolipid biosynthesis. RcRGP1 0 s conserved Arg153 residue aligns with the Arg158 glycosylation site of a rice RGP, OsUAM1 (Fig. S2) ; this appears to be the critical residue that reversibly binds the glucosyl group from the UDPG donor and transfers it to an elongating polyglucan chain [19, 21] . Owing to their UDP-arabinopyranose/UDP-arabinofuranose mutase (UAM) activity, RGPs are also responsible for producing UDP-arabinofuranose, the substrate for arabinan/arabinogalactan biosynthesis [22] .
RcRGP1, a class 1 RGP, is the dominant RGP isozyme expressed in developing COS
Two classes of plant RGPs exist that differ in their expression patterns and may contribute to the synthesis of different polysaccharides [17, 19, 23] . Class 1 RGPs, which exhibit a 'Rossman fold' secondary structure, appear to be present in all plants, while the more-divergent class 2 RGPs, which lack such a structure, appear to be restricted to vascular plants (Fig. 2) [16]. Self-glycosylating and UAM activities have only been demonstrated for class 1 RGPs [16, 22, 24] . With respect to their expression, class 1 RGPs generally dominate during early growth, whereas class 2 RGP expression increases during later development [16] .
Five RGP genes were identified from the castor genome (Table 1 ; Fig. S2 ). Published RNAseq data indicate that RcRGP1, a class 1 RGP, is the dominant RGP isozyme expressed in developing and germinating COS endosperm, as well as in castor leaves (Fig. 3 ) [25, 26] . RcRGP1 expression peaks during early COS development and then progressively declines as the seed matures, a pattern that closely matches RcSUS1's expression profile in this tissue [6] .
Heterologous expression, purification, and immunological characterization of RcRGP1 from developing COS
Given the reported difficulties in heterologously expressing plant RGPs in E. coli [21, 22, 24] , full-length Fig. 1 . Evidence for RcSUS1-RcRGP1 interaction in developing COS endosperm. Clarified extracts (CEs) from stage V developing COS endosperm were subjected to co-IP using anti-RcSUS1-IgG (A-C). Solubilized co-IP pellets were analyzed by 10% SDS/PAGE with Coomassie Brilliant Blue G-250 (CBB G-250) protein staining (A), or immunoblotting using anti-RcSUS1 (B) or anti-RcRGP1 (C). Lane contents (and protein loading) were as follows: CE (50 lg); Sup, co-IP supernatant (50 lg); Pel, solubilized co-IP pellet (50, 1, and 0.2 lg in A, B, and C, respectively); RcSUS1, homogeneous native RcSUS1 isolated from developing COS (25 ng); RcRGP1, untagged (i.e., enterokinase treated), heterologously expressed RcRGP1 (50 ng). Far-western immunodot blots were also conducted by dotting various amounts of RcRGP1, RcSUS1, or AtPPC3 onto nitrocellulose strips as indicated (D,E), followed by overnight incubation with 50 nM RcSUS1 (D) or 50 nM RcRGP1 (E). After blocking with skim milk powder the dot blots were incubated with anti-RcSUS1 (D) or anti-RcRGP1 (E). Immunoreactive proteins were visualized using either an alkaline phosphatase-tagged secondary antibody with chromogenic detection (B, D, and E), or a peroxidase-conjugated secondary antibody and ECL detection (C).
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AntiRcSUS1 co-IP
RcRGP1 was expressed with a 55-kDa Nus-solubility tag (encoded by E. coli's nusA gene) in a pET44a expression vector and transformed into BL21(DE3) E. coli. The tag also contained His residues that facilitated Nus-RcRGP1 purification via Ni 2+ affinity chromatography. Nus-RcRGP1 expressed at high levels in the soluble fraction of E. coli (i.e., > 10 mgÁL À1 of culture), and about 13 mg of NusRcRGP1 was purified to near homogeneity via Ni 2+ affinity and Superose 200 FPLC (Fig. S3A) . Enterokinase treatment efficiently cleaved the Nus tag from purified Nus-RcRGP1 (Fig. S3B ), resulting in a 41-kDa RcRGP1 polypeptide that comigrated with the native p41 RcRGP1 that co-IP'd with RcSUS1 from COS extracts (Fig. 1C) . For the production of RcRGP1-specific antibodies, an oligopeptide matching residues 2-20 of RcRGP1 (Fig. S2) was synthesized with an extra N-terminal Cys residue to enable its conjugation to keyhole limpet hemocyanin prior to rabbit immunization. When diluted 1000-fold, the anti-RcRGP1-immune serum detection limit was about 20 ng of the corresponding peptide on dot blots, and 28 ng of purified NusRcRGP1 on immunoblots (Fig. S3C,D) . The antiRcRGP1 also cross-reacted with the p41 that co-IP'd with RcSUS1 from developing COS extracts and that was subsequently identified as RcRGP1 by LC-MS/ MS (Fig. 1C) . In contrast, anti-RcRGP1 did not significantly cross-react with 93-kDa RcSUS1 A r a b id o p s is t h a li a n a R G P 5 H e li a n th u s a n n u u s O ry z a s a ti v a U A M 2 Lu pin us an gu sti fol ius H e li a n t h u s a n n u u s H e li a n t h u s a n n u u s L u p in u s a n g u s ti fo li u s H e li a n t h u s a n n u u s R ic in u s c o m m u n is R G P 3 A ra b id o p s is th a li a n a R G P 4
Ar ab ido ps is th ali an a RG P1 Ara bid ops is tha lian a RGP 2 L u p in u s a n g u H e li a n t h u s a n n u u s L u p in u s a n g u s t if o li u s H e li a n t h u s a n n u u s Ric inu s com mu nis RG P2 H e li a n th u s a n n u u s Arabid opsis thalian a RGP3 H e li a n t h u s a n n u u s Fig. 3 . RcRGP1 is highly expressed in developing COS. Relative RcRGP1-5 transcript levels were derived from RNAseq data of TroncosoPonce et al. [25] and Brown et al. [26] . Endo, developing endosperm (developmental stages III, V, VII, and VIII correspond to the heartshaped embryo, midcotyledon, full cotyledon, and maturation phases of COS development, respectively [12] ); Germ, germinating COS endosperm harvested 5-day postimbibition. 
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polypeptides despite their abundance in the solubilized co-IP pellet (Fig. 1C) .
Far-western immunodot blots corroborate the interaction between RcSUS1 and RcRGP1
Reciprocal Far-western immunodot blots were conducted using purified native RcSUS1 and anti-RcSUS1 (Fig. 1D) , and recombinant nontagged RcRGP1 and anti-RcRGP1 (Fig. 1E) . Purified AtPPC3 was used as the negative control for both immunodot blots. RcSUS1-RcRGP1 interactions were observed beginning at about 1.4 lg of bait protein loaded for both blots and increased in intensity as the amount of bait protein was increased (Fig. 1D,E) . The reciprocal Farwestern immunodot blot experiments corroborated the in vitro protein-protein interaction between RcSUS1 and RcRGP1 initially detected via co-IP.
RGP co-IPs with SUS from developing roots and seeds of other species
Co-IP experiments using anti-RcSUS1-IgG were performed with CEs from white lupin and Harsh Hakea cluster roots and these co-IPs also recovered p41 protein-staining polypeptides in addition to abundant protein staining and anti-RcSUS1 immunoreactive polypeptides of~90 kDa (Fig. 4A-D) . Cluster roots are strong photosynthate sinks that excrete copious amounts of sucrose-derived organic anions into the surrounding rhizosphere to solubilize otherwise inaccessible sources of mineralized soil P i for plant uptake [10, 11] . We also detected p41 protein-staining polypeptides of varying intensities following anti-RcSUS1 coIPs of developing sunflower, pine, and maize seed extracts (Fig. 4E-J) . Based on LC-MS/MS analyses (Appendices S2-S6), the p41 bands either consisted primarily of RGP (white lupin, maize, sunflower), or contained RGP among other proteins (Harsh Hakea, pine). The collective co-IP results indicate that the interaction of SUS with RGP is not unique to developing COS, but appears to be a characteristic feature of heterotrophic sink tissues of phylogenetically diverse plant species.
Does SUS channel UDPG's glucosyl residue into hemicellulose, glycoprotein, or glycolipid biosynthesis via RGP?
Although glycosyl chains containing xylose and galactose in addition to glucose have been found attached to RGP, the sugar nucleotide donor preferred by most RGPs is UDPG [16] [17] [18] [19] [20] , one of the products of sucrose cleavage by SUS. This has led us to propose a model, whereby SUS and RGP interact to directly channel UDPG derived from imported sucrose toward RGP glycosyl chain initiation and extension, and ultimately, hemicellulose, glycoprotein, and/or glycolipid biosynthesis (Fig. 5) . Many similar protein complexes capable of producing rapid flux through both primary and secondary metabolic pathways have been identified in plants [27, 28] . Various circumstantial evidence supports our hypothesis of a Golgi-localized SUS-RGP metabolon, including that: (a) both SUS and RGP appear to associate with the Golgi membrane and have also been implicated in xyloglucan/hemicellulose biosynthesis [4, 5, 16, 29] ; and (b) in the absence of sucrose and UDP, SUS has been identified as an inhibitor of maize RGP [30] .
Concluding remarks
We have identified an apparent physical association between RcSUS1 and RcRGP1 in developing COS via anti-RcSUS1 co-IP and reciprocal Far-western immunodot blotting. Additional co-IP experiments indicated that SUS and RGP interact in developing seeds and roots across the plant kingdom. To the best of our knowledge, these results provide the first evidence for a SUS-RGP metabolon in any plant tissue. Further characterization of the interaction between SUS and RGP in developing COS and other seeds would contribute to a better understanding of seed carbon metabolism and photosynthate partitioning with potential applications for metabolic engineering.
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